Objective-Telmisartan, an angiotensin II type 1 receptor blocker, and amlodipine, a calcium channel blocker, are antihypertensive agents clinically used as monotherapy or in combination. They exert beneficial cardiovascular effects independently of blood pressure lowering and classic mechanisms of action. In this study, we investigate molecular mechanisms responsible for the off-target effects of telmisartan and telmisartan-amlodipine in endothelial cells (ECs), using an unbiased genomic approach. Approach and Results-In human umbilical vein ECs, microarray analysis of gene expression followed by pathway enrichment analysis and quantitative polymerase chain reaction validation revealed that telmisartan modulates the expression of key genes responsible for cell cycle progression and apoptosis. Amlodipine's effect was similar to control. ECs exposed to telmisartan, but not amlodipine, losartan, or valsartan, exhibited a dose-dependent impairment of cell growth and failed to enter the S-phase of the cell cycle. Similarly, telmisartan inhibited proliferation in COS-7 cells lacking the angiotensin II type 1 receptor. In telmisartan-treated ECs, phosphorylation and activation of Akt, as well as MDM2, were reduced, leading to accumulation of p53 in the nucleus, where it represses the transcription of cell cycle-promoting genes. Phosphorylation of glycogen synthase kinase-3β was also reduced, resulting in rapid proteolytic turnover of CyclinD1. Telmisartan induced downregulation of proapoptotic genes and protected ECs from serum starvation-induced and 7-ketocholesterol-induced apoptosis.
H ypertension represents a well-established risk factor for the development of cardiovascular disease, and randomized clinical trials in hypertensive patients clearly demonstrate that effective antihypertensive therapy resulting in blood pressure (BP) control reduces morbidity and mortality. 1 Nonetheless, patients with controlled hypertension have a higher risk of developing cardiovascular disease as compared with normotensive persons, because of the presence of other risk factors, including dyslipidemia, insulin resistance, glucose intolerance, and obesity. 2 Many classes of drugs are currently used to treat hypertension as monotherapy or in combination: diuretics, β-blockers, angiotensin receptor blockers (ARBs), renin inhibitors, angiotensin-converting enzyme inhibitors, and calcium channel blockers. Among the clinically relevant ARBs and calcium channel blockers, both telmisartan (TLM) and amlodipine (AML) have been shown to exert additional beneficial cardiovascular effects independently of BP reduction. 3 Experimental and clinical evidence demonstrated that TLM induces regression of cardiac hypertrophy, enhances endothelium-dependent relaxation, and improves endothelial function and arterial stiffness in hypertensive patients. [4] [5] [6] Furthermore, growing evidence is establishing its antiatherosclerotic properties; TLM was shown to protect from development and progression of atherosclerosis, and to promote plaque stability. [7] [8] [9] All of these actions are independent of BP lowering or angiotensin II type 1 (AT1) receptor antagonism, and in most of these studies, partial peroxisome proliferator-activated receptor γ (PPARγ) agonism by TLM was proven accountable for the reported beneficial effects. Importantly, the cardiovascular effects of TLM have been linked also to increased nitric oxide (NO) availability, combined with anti-inflammatory and antioxidative properties on the endothelium. [10] [11] [12] AML is a third generation L-type calcium channel blocker, originally developed as potent and long-lasting vasodilator because of its ability to bind to and to block L-type calcium channels. The reduced calcium influx into vascular smooth muscle cells results in smooth muscle relaxation and vasodilation. Interestingly, AML exhibits additional biological or pleiotropic actions independent of the interaction with calcium channels, by acting on cell types other than vascular smooth muscle cells or cells in which L-type calcium channels are not expressed or play only minor roles, such as endothelial cells (ECs). 13 In clinical trials, AML was shown to reduce ischemia in patients with coronary artery disease and hospitalizations for unstable angina and revascularization, as well as the need for revascularization in patients with stable angina and to slow down the progression of existing atherosclerotic lesions and the onset of new ones. [14] [15] [16] As for TLM, these effects are independent of BP lowering or calcium channel blockade and a link to NO biology has been suggested. Indeed, AML was shown to induce NO release and to reduce oxidative stress and inflammation, thus improving endothelial function. To explain this unexpected ability, it has been shown that AML alters caveolae integrity, increases caveolin-free endothelial NO synthase, leading to potentiated NO production in response to agonists. 17 Clinical evidence demonstrated that the TLM-AML combination generates a dose-dependent BP-lowering effect significantly greater than that of either agent administered as monotherapy. 18 Such a combination is likely to provide also a better cardiovascular protection compared with monotherapies, and clinical trials are currently corroborating this hypothesis. 19 Improvement of endothelial dysfunction by therapy with TLM alone or TLM-AML combination represents an attractive strategy to reduce onset and progression of cardiovascular disease. However, an exhaustive understanding of the molecular mechanisms underlying the beneficial effects of these drugs on the endothelium is missing. Therefore, the aim of the present study was to provide a comprehensive analysis of the potential pleiotropic actions of these agents on ECs using an unbiased genomic approach. Here, we show that TLM alone induces a state of EC quiescence by regulating networks of genes influencing cell growth and apoptosis.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Telmisartan Modulates Endothelial Gene Expression
To assess the effects of TLM, AML, and TLM+AML on endothelial gene expression in an unbiased manner, we used an Affymetrix human whole transcript microarray which includes 30 000 genes. Total RNA samples were obtained from primary cultures of human umbilical vein ECs (HUVECs) treated with dimethyl sulfoxide, TLM, or TLM+AML for 24 hours. TLM significantly modulated the expression of ≈1700 genes, whereas TLM and AML together significantly modulated ≈1500 genes (http://www.ncbi.nlm.nih.gov/geo, accession number GSE42808). Interestingly, MetaCore pathway enrichment analysis revealed that several cell cycle and proapoptotic genes were downregulated by TLM alone or in combination with AML as compared with vehicle dimethyl sulfoxide (Table) .
Telmisartan Prevents the Cyclic Expression of Cell Cycle -Related Genes, Thus Inhibiting EC Proliferation
On the basis of functional relevance of genes regulating cell cycle progression, we evaluated the differential expression of selected genes by real-time polymerase chain reaction over a time course of 72 hours. Notably, TLM prevented the typical cyclic expression of Cyclin A1 (CCNA1), Cyclin B2 (CCNB2), Opa interacting protein 5 (OIP5), Aurora-A (AURKA), CDC28 protein kinase regulatory subunit 2 (CKS2), and Histone cluster 1, H2bk (HIST1H2BK) at multiple time points ( Figure 1A-1F ). AML alone had no effect compared with vehicle and did not influence the actions of TLM when used in combination. As a result of TLM reducing the expression of cell cycle-related genes, serum and growth factor-induced cell growth was inhibited by TLM (Figure 2A , i) and HUVECs failed to enter the S-phase of the cell cycle as shown by the prominent decrease in bromodeoxyuridine (BrdU) incorporation at 48 hours after stimulation (Figure 2A , ii). As expected, AML alone did not affect cell growth or BrdU incorporation, consistent with the idea that the above effects on gene expression are solely TLM dependent, thus prompting us to focus only on this agent. To test the dosedependent effect of TLM on cell proliferation, HUVECs were treated with TLM at various concentrations from 0.1 to 100 µmol/L. TLM inhibited cell growth at a starting concentration of 10 µmol/L, whereas lower concentrations had no effect ( Figure 2B , i). Accordingly, BrdU incorporation measured at 48 hours after treatment was significantly decreased already at 10 µmol/L, with no significant effect at lower concentrations ( Figure 2B , ii). Interestingly, TLM inhibited also the serum and growth factor-induced cell growth of human umbilical artery ECs in a dose-dependent manner, thus suggesting that its antiproliferative action is not cell type specific ( Figure 2C , i and ii).
TLM Inhibits Cell Cycle Progression Independently of AT1 Receptor Blockade
Although all experiments were performed in the absence of exogenously added angiotensin II, we asked whether the observed antiproliferative effect could be a result of AT1 receptor blockade by TLM. We, therefore, exposed HUVECs to 2 other ARBs, losartan and valsartan, using concentrations similar to those used in the experiments involving TLM. Although losartan did not influence cell proliferation even at the highest concentration tested, valsartan seemed to induce a delay in cell growth at a concentration of 100 µmol/L ( Figure 3A , i and ii). However, BrdU incorporation at 48 hours after treatment with 100 µmol/L valsartan did not differ from vehicle, suggesting that the difference in cell number was because of cell toxicity rather than an actual effect on cell cycle ( Figure 3A , iii). In addition, we treated fibroblastlike COS-7 cells, which do not express AT1 receptor, 20 with 100 µmol/L TLM and evaluated serum-induced cell growth. Similar to HUVECs and human umbilical artery EC, TLM treatment resulted in a marked inhibition of cell proliferation and S-phase entry, as documented by significantly reduced BrdU incorporation at 72 hours after stimulation ( Figure 3B , i and ii).
Telmisartan Negatively Modulates the Akt Signaling Pathway
To uncover the molecular mechanisms underlying the antiproliferative effect of TLM, we performed a bioinformatic analysis of the cell cycle-related genes modulated by TLM using GeneWeb analysis of gene interactions (SABioscience platform). The expression of some genes (eg, CCNA1, AURKA, and CKS2) is reportedly repressed by p53, [21] [22] [23] whereas others (eg, HIST1H2BK) are under the positive transcriptional control of E2F. Both p53 and E2F stability and thus activity can be regulated by the Akt pathway via MDM2 and CyclinD1, respectively. It is, indeed, well established that the Akt pathway regulates proliferation and cell survival. [24] [25] [26] We, therefore, investigated the activation of Akt and downstream signaling over a time course spanning from 10 minutes to 72 hours after serum stimulation. Western blot analyses showed that TLM treatment significantly inhibited the full activation of Akt by reducing phosphorylation at the mammalian target of rapamycin complex 2-dependent site S473 and the 3-phosphoinositidedependent kinase 1-dependent site, T308, throughout the time course ( Figure 4A and quantified in Figure 4B , i and ii). Interestingly, Akt-dependent phosphorylation of MDM2 at the S166 residue was also decreased, particularly at the later time points, rendering the ubiquitin ligase less active ( Figure 4A and quantified in Figure 4B , iii). MDM2 mediates p53 ubiquitination and degradation. 26 We, therefore, hypothesized that because MDM2 was less active, p53 would accumulate in the nucleus and act as a repressor for genes important for cell cycle progression. Consistent with this hypothesis, immunofluorescence and Western blot analyses showed that TLM-treated HUVECs retained higher amounts of p53 in the nucleus as compared with control, starting at 24 hours until 72 hours after serum stimulation ( Figure 4C , i and iii and quantified in ii and iv). In addition, Akt-dependent phosphorylation of glycogen synthase kinase-3β (S9 residue) was assessed. As expected, TLM induced a decrease of glycogen synthase kinase-3β phosphorylation, resulting in higher kinase activity ( Figure 4A and quantified in Figure 4B , iv). Glycogen synthase kinase-3β is known to trigger rapid proteolytic CyclinD1 turnover. 24 Consistent with higher glycogen synthase kinase-3β activity in TLM-treated HUVECs, CyclinD1 protein levels increased only slightly after serum stimulation and remained low throughout the time course ( Figure 4A and quantified in Figure 4B , v).
Telmisartan Protects ECs From Serum Starvation-Induced and 7-Ketocholesterol-Induced Apoptosis
TLM treatment resulted in the downregulation of voltagedependent anion channel 1 (VDAC1), voltage-dependent anion channel 2 (VDAC2), solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4 (SLC25A4), and direct inhibitor of apoptosis-binding protein with low pI (DIABLO), involved in the induction of apoptosis via the mitochondrial pathway and in the upregulation of BCL2-like 2 (BCL2L2), which reportedly promotes cell survival 27 (Table) . First, we validated the microarray results by real-time polymerase chain reaction ( Figure 5A ) and then investigated whether TLM could influence the response of ECs to apoptotic stimuli. TLM significantly repressed caspase-3 activation after serum starvation and growth factor deprivation in both HUVECs and human umbilical artery EC ( Figure 5B , i and Figure 5C , respectively). Moreover, serum-starved cells undergoing apoptosis in the control group exhibited characteristic apoptotic bodies formation and stained positively for annexin V, whereas TLM-treated cells did not ( Figure 5B , ii and iii). Oxysterols constitute the major toxic component in oxidized low-density lipoprotein and are present in human atheromatous lesions. 28 Oxysterols, such as 7-ketocholesterol, contribute to endothelial dysfunction and induce EC apoptosis via the mitochondrial pathway. 29, 30 Accordingly, control HUVECs treated with 7-ketocholesterol showed a significant increase in caspase-3 activity, whereas TLM exerted a protective effect ( Figure 5D ).
Discussion
Although an increasing numbers of clinical and experimental results indicate the effectiveness of TLM and AML in cardiovascular protection, independently of their BP-lowering action, little is known about the molecular mechanisms responsible for the observed pleiotropic effects. Given the importance of the endothelium in the maintenance of vascular homeostasis, in the current study, we investigated the effects of TLM and TLM+AML combination on a well-defined model of endothelium using an unbiased genomic approach.
In the absence of angiotensin II stimulation, TLM alone or in combination with AML significantly blunted the expression of several genes, whose encoded products are involved in the regulation of the cell cycle. Among these, CyclinA1 and CyclinB2 are involved in the control of the cell cycle at the G1/S (start) and G2/M (mitosis) transitions, respectively. 31, 32 Knockdown of OIP5 expression has been reported to inhibit cell growth of several cancer cell lines. 33, 34 The serine/threonine kinase Aurora-A plays a pivotal role in several mitotic events, including the establishment of mitotic spindle, centrosome duplication, centrosome separation, as well as maturation, chromosomal alignment, spindle assembly checkpoint, and cytokinesis. 35 CKS2 associates with cyclin-dependent kinases and has been shown to play a direct role in cell cycle regulation. Its knockdown causes cessation of proliferation and cell cycle arrest because of impaired transcription of key genes involved in cell cycle progression. 36 Finally, Histone cluster 1, H2bk, is a core component of the nucleosome and influences the compaction of chromatin into higher order structures. Our results revealed that the contribution of AML to the overall downregulation of the cell cycle machinery is negligible, whereas TLM is solely accountable for inducing a state of EC quiescence. As expected from our gene expression studies, we found that TLM inhibited cell proliferation in HUVECs, as well as human umbilical artery EC in a dosedependent manner beginning at a concentration of 10 µmol/L, whereas AML had no effect. Moreover, COS-7 cells, which lack the AT1 receptor, displayed cell growth impairment when treated with TLM, underscoring that the antiproliferative effect of TLM relies neither on AT1 receptor blockade nor on the cell type used. This finding is in line with previous studies demonstrating a dose-dependent antiproliferative action of TLM on human vascular smooth muscle cells, cardiac fibroblasts, and murine macrophages, by activating PPARγdependent and independent pathways. 8, 37, 38 Interestingly, our gene expression analysis did not highlight any significant changes in the expression of neither PPARγ itself nor genes downstream of PPARγ, suggesting that TLM influences EC physiology via PPARγ-independent mechanisms. In addition, our data support the notion that TLM activation of PPARγ is cell type specific.
In this study, we interrogated potential mechanisms responsible for the antiproliferative effects of TLM in ECs by investigating its impact on Akt activation and downstream signaling. In line with another study showing that TLM inhibits vascular smooth muscle cell proliferation by inhibiting Akt activation, 37 we found that TLM attenuates Akt phosphorylation and activation, ultimately resulting in accumulation of p53 in the nucleus, where it represses the transcription of genes necessary for cell cycle progression. In addition, TLM-treated ECs displayed lower amounts of CyclinD1 as compared with control, which suggest diminished activation of E2F-dependent G1/Sphase gene expression. Taken together, we demonstrate a novel mechanism of action of TLM in ECs, beyond its ability to block AT1 receptor or activate PPARγ. How TLM interferes with Akt activation remains speculative, although the time course of our experiments would point to interference with the initial steps of the pathway (ie, diminished generation of phosphoinositides through reduction of phosphatidylinositol 3-kinase activity or enhancement of phosphatase and tensin homolog activity, or perhaps via direct inhibition of mammalian target of rapamycin complex 2 or 3-phosphoinositide-dependent kinase 1).
Despite the negative modulation of the Akt signaling pathway, TLM treatment did not result in elevated baseline cell death as compared with control. On the contrary, TLM protected ECs from apoptosis induced by serum/growth factors withdrawal or 7-ketocholesterol treatment. Given that the Akt pathway is not completely abrogated by TLM, and the extent of its activation seems to be enough to support cell survival, the antiapoptotic effect seems to be because of a direct downregulation of key components of the apoptotic machinery in mitochondria (ie, the channels participating in the formation of the permeability transition pore complex, responsible for the release of cytochrome c into the cytosol, leading to activation of caspases: adenine nucleotide translocator, ANT [encoded by the gene SLC25A4], VDAC1, and VDAC2). 39, 40 Second mitochondria-derived activator of caspases (Smac)/ Diablo, another mitochondrial gene whose expression is downregulated by TLM, promotes apoptosis by binding and blocking the activity of inhibitor of apoptosis protein, a negative regulator of apoptosis. 41 However, TLM promotes EC survival by upregulating the BCL2L2 gene expression, which encodes the antiapoptotic Bcl-2 family member Bcl-W. 27 Given the higher proliferation rate of the endothelium in atherosclerotic susceptible regions 42 and the role that endothelial proliferation and apoptosis play in the stability of the atherosclerotic plaque, 43, 44 the finding that TLM promotes EC quiescence and survival, together with its known anti-inflammatory and antioxidative effect on the endothelium, may have important implications for the antiatherogenic and plaquestabilizing actions of this agent.
In line with most of the studies in the literature comparing the effects of TLM with those of other ARBs in multiple cell types, 8, 11, 37 ,38 2 other ARBs tested in our study, losartan and valsartan, failed to inhibit EC growth, underscoring the fact that TLM holds unique antiproliferative properties, not shared by other drugs belonging to the same family and that this effect is entirely independent of AT1 receptor blockade. Surprisingly, despite evidence that AML directly regulates EC functions, 13, 17 we could not identify any major effect of this agent on isolated ECs, implying that AML may modify posttranslational processes that do not result in quantitative changes in gene expression.
In summary, by analyzing global changes in EC gene expression, we have shed light into novel mechanisms by which TLM may help prevent endothelial dysfunction, thus protecting against the development and progression of cardiovascular disease in patients with hypertension.
